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FLAT FIELD LENSES 

This application is a continuation-in-part of copend 
ing U.S. patent application Ser. No. 268,230, ?led May 
29, 1981, the entire disclosure of which is hereby incor 
porated by reference. 
The present invention relates generally to optical lens 

systems, and more particularly to lenses characterized 
by a ?at ?eld. ' 

BACKGROUND OF THE INVENTION 

The presence of a considerable amount of ?eld curva 
ture is a relatively basic feature of most refractive lens 
systems. However, there are certain applications where 
a ?at ?eld is necessary. Two examples of such applica 
tions are photographic objectives and to a somewhat 
lesser extent endoscope transfer optics. Unfortunately, 
?eld curvature is one of the hardest aberrations to cor 
rect, requiring increases in the complexity of the lens far 
in excess of those required to correct spherical and 
chromatic aberrations. While optical transfer systems 
typically do not require the same level of ?eld curva 
ture correction as photographic objectives, multiple 
transfer systems (?eld lenses as well as relay lenses) are 
much harder to correct. Thus, considerable effect has 
gone into designing lenses characterized by ?at ?elds. 

Petzval has shown that the ?eld curvature is related 
to the so-called Petzval sum, P, which is given by: 

n,-is the refractive index at the ith surface. More particu 
larly, in absence of astigmatism, the ?eld curvature is 
equal to —P. Thus, the radius of curvature of the ?eld 
of a single lens of unit power is equal to —l/_P——n 
which represents a strongly curved ?eld. In the case of 
multiple element lens systems, the Petzval sum strongly 

. tends to be positive because the lens power is positive. 
There are three basic methods of correcting the ?eld 

curvature (reducing the Petzval sum), namely spacing, 
bending, and index difference. Each has been heralded 
as a milestone in the design of ?at ?eld lenses, and re 
tains its importance today. The ?rst method (spacing) is 
exempli?ed by the famous Cooke triplet form designed 
by H. Dennis Taylor and disclosed in U.S. Pat. No. 
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' where ¢,-is the power of the ith refractive surface; and _ 
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568,052. This method is based on the simple idea that an - 
objective comprising a positive lens and a negative lens 
of equal and opposite powers and the same refractive 
index has a Petzval sum equal to 0, with the overall 
power of the system being determined by the separation 
of the elements. The actual triplet con?guration is ne 
cessitated by the need to correct other aberrations. 
The second basic method of correcting the ?eld cur 

vature (bending) is exempli?ed in the Hypergon de 
signed by Goerz and disclosed in US. Pat. No. 706,650. 
This method utilizes bending of the elements. In this 
context, a purely unbent element has equal and opposite 
curvatures on both sides while the archetypical bent 
element has equal curvatures on both surfaces. It is 
noted that such a bent element having equal curvatures 
at its opposite surfaces represents spaced positive and 
negative surfaces of equal power'and index, so that the 
Petzval sum vanishes with the overall power being 
provided by the separation of the two surfaces. Thus, 
bending represents a special case of separation within a 
single element. The use of bending to correct the ?eld 
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curvature is the basis of the double Gauss lens which 
continues to be a lens type of prime importance. 
The third basic method of correcting the ?eld curva 

ture (index difference) is the so-called “new achromat” 
principle, utilizing differences of the refractive indices 
of the positive and‘ negative elements. This principle, 
while recognized in the past, has presented problems 
that have hindered its usefulness. For example, the use 
of index difference in order to correct the Petzval sum 
requires the elements to have indices that differ in the 
opposite direction from what is required to correct 
spherical aberration. Thus, bent and spaced elements 
have had to be incorporated into any design attempting 
to use index difference. 

It is possible to conceptualize the situation from a 
slightly different viewpoint. Rather than viewing the 
use of spacing, bending, and index difference as means 
for correcting the ?eld curvature, one may equivalently 
recognize that the ?eld curvature is largely independent 
of spacing, bending and index difference. Accordingly, 
one can select elements such that the Petzval sum van 
ishes, and then use bending, spacing and index differ 
ence to generate the overall power. 
Most lens designs utilize a combination of the three 

methods. Although not previously recognized, a highly 
meaningful system of lens classi?cation can be based on 
the relative importance of bending, spacing, and index 
difference as used to correct the Petzval sum (or gener 
ate power). Thus, as will be described below, it is possi 
ble to break up the Petzval sum correction into contri 
butions by the various methods, and glean from the 
relative magnitudes of the individual contributions 
meaningful information relating to the inner workings 
of the lens. _ 

It will be recognized that the use of spacing and bend 
ing to achieve a ?at ?eld lens presents certain problems. 

- For example, when many elementsv have to be spaced, 
the system becomes very sensitive to tilt and decentra 
tion of the elements, and requires great precision in the 
lens mounting. In fact, spacing is effective only for 
relatively high powered components, which increases 
the criticality of the spacing. Sharply bent elements 
suffer from the problem that they are expensive to fabri 
cate since only a small number of elements may be 
placed on the spherical grinding or polishing blocks 
used during fabrication. Accordingly, ?at ?eld lenses 
have tended to be expensive, both in their elements and 
in their mounts. ‘ 

SUMMARY OF THE INVENTION 
The present invention provides a ?at ?eld lens system 

wherein the Petzval sum is substantially corrected with 
out requiring any spaced high powered elements or 
sharply bent elements. The system lends itself to mass 
production and is highly insensitive to tilt and decentra 
tion of the components. 

Broadly, the foregoing advantages are achieved in a ‘ 
lens system wherein the Petzval sum correction is domi 
nated by the use of index difference. Physically, the 
lenses according to the present invention tend to be 
characterized by cemented positive groups having gen 
tle curvatures onv the exposed surfaces. One way of 
characterizing the lenses mathematically is that the 

. index difference contribution N dominates the total 
correction where N is as follows: 
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where (his the power of the ith refracting surface, n,- is 
the refractive index of the ith refracting surface, and 
nposis a representative index for the positive element or 
elements. Other ways of expressing the dominance of 
the use of index difference will be discussed in the de 
tailed description below. 

In an embodiment suitable for use in endoscope relay 
optics where medium or high aperture is required, the 
spherical aberration is best corrected by use of an as 
pherica surface on the low index material. Certain plas 
tics such as polycarbonate, polystyrene and its copoly 
mer with methyl methacrylate have an ideal combina 
tion of low refractive index and high dispersion. Where 
high aperture is not required, as for example in a photo 
graphic wide angle objective, spherical aberration may 
be kept low by using a relatively small aperture. 
For a further understanding of the nature and advan 

tages of the present invention, reference should be made 
to the remaining portions of the speci?cation and the 
attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lA-lF are optical schematics of illustrative 
prior art flat ?eld lens designs; , 
FIGS. 2A-B are optical schematics of an endoscope 

and an endoscope transfer lens assembly according to a 
?rst embodiment of the present invention; 
FIGS. 3A-B are optical schematics of an endoscope 

I and an endoscope transfer lens assembly according to a 
second embodiment of the present invention; 
FIGS. 4A-B are optical schematics of an endoscope 

and an endoscope transfer. lens assembly according to a 
third embodiment of the present invention; 
FIGS. 5A-B are optical schematics of an endoscope 

and an endoscope transfer lens assembly according to a 
fourth embodiment of the present invention; 
FIG. 6 is an optical schematic of a wide angle lens 

according to the present invention; and 
FIGS. 7A-B are optical schematics of an endoscope 

and an endoscope transfer lens assembly according to a 
?fth embodiment of the present invention. 

Cross hatching of the lens elements has been omitted 
in all the drawings to allow the ray paths to be more 
clearly seen. 

PREFERRED SYSTEM OF CLASSIFICATION 
AND CHARACTERIZATION OF LENSES AS 
APPLIED TO PRIOR ART LENS DESIGNS 

While lenses have typically been classi?ed either by 
their date of development, by their complexity, or by 
their form, none of these classi?cations provides much 
insight into the rationale of the various lens designs. 

In order to ?nd a suitable basis for classifying lenses, 
it is useful to consider what one tries to accomplish in 
the design of a lens. Broadly, the object is to provide 
optical power and correct the associated aberrations. If 
one de?nes the complexity of the lens as the sum of the 
absolute values of the curvatures of the elements, it can 
be shown that the greatest increase of complexity arises 
from attempting to correct the curvature of ?eld. 

It has been recognized historically that positive 
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power could be generated without increasing the ?eld ' 
curvature by the expedients of spacing the lens ele 
ments, bending the lens elements, or utilizing differen 

4 
tial indices of refraction. However, it has apparently not 
been previously recognized that an examination of the 
relative magnitudes of the different contributions to the 
correction of the Petzval sum provides a most useful 
method for classifying the lens as to its actual design 
rationale. Put another way, an examination of the way 
that the lens power has been generated while leaving 
the Petzval sum zero provides such information. 
The discussion below will‘be phrased in terms of 

contributions to the Petzval sum correction, since that is 
what is most natural to optical designers. To examine 
the various contributions, the lens is ?rst “unbent”, then. 
“collapsed,” and then the index difference contribution 
and residual evaluated. These will now be described in 
more detail. . p 

The ?rst step in evaluating the contributions is to 
“unben ” all the elements and to recompute the overall 
power of the lens (it being assumed that the lens has 
originally unit power). To unbend each element, equal 
curvature is added to each of the surfaces until the two 
surfaces are rendered equal and opposite in curvature. 
The contribution to the Petzval sum correction from 
bending is then given by the negative of the change in 
power dividedby a representative index of refraction 
‘npos. Preferably, npos is the, power averaged index over 
all surfaces of all the positive elements (dc-cemented if 
necessary). For example, if the entire power of the lens 
were derived from bending, the change in power would 
be —1, and the contribution from bending would be 
1/1.62=0.62 (for Schott SK16 having an index of re 
fraction of 1.62). _ 

I The second step in evaluating the contributions is to 
“collapse” the airspaces and the elements by bringing 
all the spherical refracting surfaces to a single location 
and recomputing the overall power of the lens. This is 
equivalent to evaluating the algebraic sum of all surface 
powers, regardless of location. The contributions to the 
Petzval sum correction from spacing is then given by 
the negative of the change in power divided by npos. 
The next step is to directly evaluate the contribution 

due to index difference. This is given by 

1v: 
"post i 

The residual Petzval sum isv then given by 

At this point, having evaluated the various contribu 
tions, the inner workings of the lens may be understood. 
A few concrete examples are illustrated in FIGS. 
lA-lF with the geometrical and optical parameters 
being tabulated in Appendices lA-F. . 
Table 1 sets forth in tabular form the bending contri 

bution, B, the spacing contribution S, the index differ 
ence contribution N, the residual P, and l/npos for the 
various lenses shown in FIGS. lA-F. It should be noted 
‘that the values in Appendices lA-F are based on the 
lenses as normalized for unit power, and the contribu 
tions ‘are calculated accordingly. ‘ 

TABLE 1 
Lens B S N P l/npm 

Goerz Hypergon ‘ 0.62 0.00 0.00 0.04 0.66 
Richter Topogon 0.68 0.02 -0.09 _ 0.00 0.62 
Nikon retrofocus 0.04 0.36 0.06 0.12 0.59 
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TABLE l-continued 
Lens B s N P l/npa, 

Sonnar 0.09 0.28 —0.08 0 31 0.61 
Zeiss F/L4 0.24 0.07 0.07 0.19 0.56 
Pentac ‘ 0.05 0.15 0.29 0.10 0.59 

The Hypergon of FIG. 1A represents a nearly pure case 
of Petzval sum correction by bending. Similarly, the 
Topogon of FIG. 1B is dominated by bending. Some 
correction is also provided by spacing, which is offset 
by a negative correction due to index difference. The 
Nikon retrofocus design of FIG. 1C corrects the Petz 
val sum primarily by means of spacing. The Sonnar of 
FIG. 1D is characterized by a rather large residual P, 
but for the total correction, the dominant mechanism is 
spacing. The modern double Gauss objective of FIG. 
1E utilizes all three mechanisms to correct the Petzval 
sum, while the Pentac of FIG. 1F essentially splits the 
correction between spacing and index difference. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The illustrative embodiments to be described below 
include four embodiments (one example of each) of an 
optical transfer system as used in an endoscope or the 
like, and one embodiment (two examples) of a wide 
angle objective. The description of the transfer systems 
will be in terms of “transfer modules” which are the 
portions between successive image‘ planes or pupil 
planes, or for the symmetric embodiments below, in 
terms of half modules (portions between an image plane 
and a pupil plane). It will, however, be appreciated that 
it is the pair of adjacent quarter modules on either side 
of an image plane or a pupil plane (i.e. the central half of 
the whole module) that may be said to act as a ?eld lens 
or a relay lens and for which the power is well de?ned. 
FIG. 2A is an optical schematic of a ?rst embodiment 

of an endoscope optical system. The system comprises 
an objective 10 for forming an image in a ?rst image 
plane 12, a transfer system 15 for transmitting the image 
in plane 12 to a second image plane 17, and an eyepiece 
18 for viewing the transmitted image. Objective 10 and 
transfer system 15 occupy a relatively small diameter 
barrel which is typically surrounded by an annular ?ber 
optics bundle. In use, the endoscope is inserted within a 
body cavity or the like for viewing of internal body 
regions by a physician. Objective 10 forms an image of 
the region to be viewed at ?rst image plane 12, which 
image is transmitted by transfer system 15 to second 
image plane 17 proximate eyepiece 18 for viewing by 
the examining physician. 

In a ?rst embodiment, transfer system 15 comprises a 
plurality of cemented triplet assemblies 20 which repre 
sent an illustrative embodiment of the present invention. 
It will be appreciated that triplets 20 should be charac 
terized by a ?eld that is well corrected for ?eld curva 
ture in order that the image in plane 12 may be properly 
transmitted to the eyepiece. Triplets 20 are arranged in 
pairs, with each pair providing a transfer module. 
FIG. 2B is an optical schematic of one of triplets 20 

illustrating the detailed construction thereof. In the 
preferred embodiment, triplets 20 are all identical, and 
as will be seen, are also symmetric from end to end. 
Triplet 20 includes ?rst and second negative end ele 
ments 21 and 22 separated by a central elongate positive 
element 23. The geometrical characteristics of triplet 20 
are de?ned by an entrance pupil plane 20a, a front sur 
face 20b, a ?rst cemented surface 20¢. a second ce 
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6 
mented surface 2041. a rear surface Zoe. and an image 
plane 20fI An aperture stop is also provided at the sur 
face 20f in order to de?ne the ?eld and avoid re?ections 
off the endoscope optical barrel. The proper spacing of 
triplets 20 and the de?nition of the entrance pupil and 
?eld are conveniently provided by spacer rings (not 
shown) which may be cemented to the lenses prior to 
insertion within the barrel. The geometrical and optical 
parameters for a speci?c embodiment of triplet 20 are 
given in Appendix 2. The following system of nomen 
clature will be adopted. The radius of a given surface 
20i will be designated r,-, the distance between a given 
pair of adjacent surfaces 20j and 20k will be designated 
tjk; the index of the refraction and Abbe number of the 
medium between surfaces 10] and 10k will be designated 
lljk and vjk; and the diameter of a stop in plane 201‘ will 
be designated d;. The dimensions are normalized sothat 
a complete transfer module has a length of four units, 
which corresponds to unitfocal length. Front and rear 
surfaces 20b and 20a also have an aspheric component 
characterized by the aspheric coef?cients AD, AE, AF, 
and AG. These coef?cients de?ne a surface having base 
radius R and tangent to the X-Y plane at the origin 
having as its equation: ' 

The general method of designing triplet assembly 20 i 
may be outlined as follows. First, with the general con 
?guration in mind, two reasonable indices of refraction‘ 
are determined from a choice of suitable materials. For 
example, end elements 21 and 22 are formed of polysty 
rene which is characterized by high dispersion and low 
index of refraction, and is easy to injection mold. Cen- ' 
tral element 23 is formed of a crown glass having low 
dispersion and high index of refraction. Central element 
23 provides strength for the cemented assembly. ' 
Having determined the indices of refraction, and 

further imposing the requirement that the assembly be 
symmetric, the powers of the individual elements are 
determined by requiring the Petzval sum to vanish and 
further requiring a given overall power. At this point, 
the dispersions of material may be chosen to correct‘ 
chromatic aberration. Spherical aberration, coma, and 
astigmatism are not yet corrected. However, the provi 
sion of an aspheric surface on outside elements 21 and 
22 corrects spherical aberration, it being noted that with 
injection molding, it is no more dif?cult to provide an 
aspheric surface than a spherical surface. The stop loca 
tion is now chosen to correct astigmatism, while coma 
and distortion are corrected by utilizing a symmetrical 
con?guration with two identical axially aligned assem 
blies. It is noted that this embodiment has residual astig 
matism which may compensate astigmatism in either 
the objective or the eyepiece. 
The advantages of the design of assembly 20 may be 

seen. First, while each transfer module comprises six 
elements, there are only two different ‘elements, namely 
the‘ plastic end element and the central glass element. 
Furthermore, as described above, the plastic end ele 
ments may be injection molded. Steep surfaces as are 
characteristic of sharply bent elements are avoided, and 
assembly of the overall system is simple. 
FIG. 3A is an optical schematic of a second embodi 

ment of an endoscope optical system which differs from 
the optical system of FIG. 2A in its transfer system 15'. 



4,575,195 
7 

Like reference numerals are used for the objective, the 
eyepiece, and ?rst and second image planes. In this 
second embodiment, transfer system 15’ comprises a 
plurality of cemented doublet assemblies 30, arranged in . 
groups of four, each group of four providing a transfer 
module. 
FIG. 3B is an optical schematic of a pair of the dou 

blet assemblies that provide half a transfer module. The 
pair includes a ?rst positive element 31, a ?rst negative 
element 32 cemented thereto, a second negative element 
33 spaced apart from negative element 32, and a second 
positive element 34 cemented to element 33. Negative 
elements 31 and 33, and positive elements 32 and 34'are 
preferably identical. The geometrical characteristics are 
de?ned by an entrance pupil plane 300, a front surface 
30b, a ?rst cemented surface 300, a first inside surface 
30d, a second inside surface 30e, a second cemented 
surface 30],‘ a rear surface 30g, and an image plane 30h. 
The proper spacing of doublet assemblies 30 and the 
de?nition of the entrance pupil and ?eld are conve= 
niently provided by cylindrical spacers (not shown). 
The geometrical and optical parameters for a speci?c 
embodiment of doublets 30 are given in Appendix 3. As 
stated above, all of doublets 30 are preferably identical, 
although alternately reversed end for end. The same 
system of nomenclature as used for Appendix 2 is used. 
First and second inside surfaces 30d and 30e have an 
aspheric component characterized by the aspheric coef 
?cients AD, AE, AF, and AG. 
The design considerations for doublet assemblies 30 

are generally similar to those disclosed for triplet assem 
blies 20. Transfer system 15’ is characterized by a sub 
stantially complete elimination of astigmatism which 
may be desirable for certain applications. As with trans 
fer system 15, transfer system 15' only requires two 
different elements. 
FIG. 4A is an optical schematic of a third embodi 

ment of an endoscope optical system having a different 
transfer system 15". Transfer system 15" is similar to 
transfer system 15' and can be conceptualized as the 
limiting case where the surfaces corresponding to 30b 
and 30h are ?at, and the distance between surfaces 30g 
and 30h is zero, so that adjacent pairs of doublets 30 
bcome triplets. Thus, transfer system 15" comprises a 
plurality of cemented triplet assemblies 40 with a half 
triplet (doublet) 40' at each end. A complete transfer 
module within transfer system 15" comprises a half 
triplet (or doublet), a triplet, and a second half triplet (or 
doublet). 
FIG. 4B is an optical schematic of the portions be 

tween successive medial planes of triplets 40. This cor 
responds to half a transfer module. It will be appreci 
ated that either of the half triplets shown could be one 
of doublets 40’. Each triplet includes a ?rst negative 
element 41, a central positive element 42, ‘and a second 
negative element 43. For consistency of nomenclature, 
the surfaces will be named serially from one medial 
plane to the next. The system is characterized by a 
medial plane 40a within the ?rst triplet, a cemented 
surface 40b within the ?rst triplet, an exposed surface 
400 on the ?rst triplet, an exposed surface 40d on the 
second triplet, a cemented surface 40e in the second 
triplet, and a medial plane 40f within the second triplet. 
The proper spacing of lenses 40 and 40’ is conveniently 
provided by cylindrical spacers (not shown). The aper 
ture stop and ?eld stop are provided in the medial 
planes. The geometrical and optical parameters for a 
speci?c embodiment are given inpAppendix 4. The ex 
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posed surfaces of negative elements 41 and 43 (surfaces 
400 and 40d) are characterized by a base radius and 
aspheric coef?cients AD, AE, ‘AF, and AG. ' 

It is noted that while transfer system‘ 15" has fewer 
components than transfer system 15', it requires three 
different elements, namely the plastic end element, the 
glass central element for the triplet, and the glass "half 
element” for the doublet. However, transfer system 15” 
could be implemented using triplets alone, so long as the 
eyepiece and objective are designed in recognition of 
the fact that there are, in effect, extra half triplets at the 
front and back ends of the system. , 
FIG. 5A is an optical schematic of a fourth embodi 

ment of an endoscope optical system having a different 
transfer system 15"’. Transfer system 15"’ resembles 
transfer system 15' in that a transfer module comprises 
four cemented doublet assemblies 50, but differs in that 
the large airspace within each half module is replaced 
by a glass cylinder 55. The provision of the cylinderin 
this airspace permits greater information transfer. It is 
noted parenthetically that a similar design modi?cation , 
would be implemented in connection with suitably 
modi?ed triplets corresponding to triplets 40 of transfer 
system 15’ shown in FIGS. 4A-B. ' 
FIG. 5B is an optical schematic of half a transfer 

module comprising two symmetrically disposed dou 
blets 50 with cylinder 55 in between. Each doublet 50 
includes a positive element 51 and a negative element 
52, and the half module is characterized by an entrance 
pupil plane 50a, a front surface 50b, a ?rst cemented 
surface 500, a ?rst inside surface 50d. ?rst and second 
cylinder surfaces 50e and 50f,’ a second inside surface _ 
50g, a second cemented surface 50h, a rear surface 501', 
and an image plane 50j. Thev geometrical and optical 
parameters for a speci?c embodiment of doublets 50 and 
cylinder 55 are given in Appendix 5. It is noted that ?rst 

_ and second inside surfaces 50d and 50g are character 
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ized by a base radius and aspheric coef?cients AD, AE, 
AF, and AG. 
FIG. 7A is an optical schematic ofa ?fth embodiment 

of an endoscope optical system having a different trans 
fer system_15"'. Transfer system 15"’ resembles transfer 
system 15"’ in that a transfer module comprises four 
cemented doublet assemblies 70 and two glass cylinders 
75, but differs in that the positive element in the doublet 
is closest to the cylinder. 
FIG. 7B is an optical schematic of half a transfer 

module ‘comprising two symmetrically disposed dou 
blets 70 with cylinder 75 in between. Each doublet 70 - 
includes a negative element 71 and a positive element 
72, and the half module is characterized by an entrance 
pupil plane 704, a front surface 70b, a ?rst cemented 
surface 70¢, a ?rst inside surface 70d, ?rst and second 
cylinder surfaces 70c, and 7011 a second inside surface 
70g. a second cemented surface 70h, a rear surface 701'. 
and an image plane 70]. The geometrical and optical 
parameters for a speci?c embodiment of doublets 70 and 
cylinder 75 are given in Appendix 7. It is noted-that 
front and rear surfaces 70b and 701' are characterized by 
a base radius and aspheric coef?cients AD, AE, AF, 
and AG. It is also noted that the normalization differs 
from that in the above cases in that half a transfer mod 
ule is 227 units in length and about 35 units in diameter. 
The actual diameter of all the optical transfer embodi 
ments is on the order of 2.5-3.5 mm. 
FIG. 6 is an optical schematic of a wide angle lens 60 

constructed according to the present invention. Wide 
angle lens 60 includes four elements arranged in ce 
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mented pairs, including a negative front element 61, a 
positive element 62 cemented thereto, a spaced positive 
element 63 and a negative rear element 64 cemented 
thereto. Lens 60 is characterized by a front surface 600, 
a ?rst cemented surface 60b, a ?rst inside surface 600. an 
aperture stop plane 60d, a second inside surface 60e, a 
second cemented surface 60f.‘ and a rear surface 60g. 
The geometrical and optical parameters for two em 
bodiments of wide angle lens 60 are set forth in Appen» 
dices 6A and 6B with the same nomenclature as used for 
the endoscope transfer systems discussed above. 

This is a very wide angle lens (corresponding to 18 
mm focal length if sealed for 35 mm photography). 
While a little on the slow side, the lens is characterized 
by extremely low distortion, and thus is an excellent 
lens for architectural photography. ' 

’ Table 2 sets forth in tabular form the Petzval sum 
correction contributions B, S, and N, the residual P, and 
l/npbs for the endoscope transfer lenses of FIGS. 2B, 
3B, 4B, and 5B and for the two wide angle objectives of 
FIG. 6. All values are normalized for unit power. It is 
noted that for each of the transfer systems, the values 
and the power are for the central half of a transfer mod 
ule. 

TABLE 2 

Lens B S N P l/nm, 

transfer (App. 2) .00 .00 .20 .35 .55 
transfer (App. 3) .00 --.04 .17 .43 .56 
transfer (App. 4) .00 —-.02 .36 .19 .53 
transfer (App. 5) .00 -.02 .29 .26 .53 
wide angle (App. 6A) .06 —.02 .54 —.03 .56 
wide angle (App. 68) .08 —.02 .49 —.01 .53 

The features of the present invention may be seen. 
Most striking is that the index difference contribution N 
dominates the total contribution B+S+N, ranging 
from about 67% to 130%. The pentac (FIG. 1F) is an 
extreme prior art situation, and the ratio is less than 
60%. A ratio of about if to ‘1* appears to be a fair state 
ment of the lower limit for the present invention. It is 
also noted that the photographic objectives are very} 
well corrected, in fact a little overcorrected. While at 
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?rst glance the residual values P for the transfer systems - 
appear somewhat high, several points must be kept in 
mind. First, the values are still generally less than other 
prior art transfer systems. Second, the object field for 
endoscopy is typically curved, and so some ?eld curva 
ture may be preferable to compensate for this. Third, 
the design easily admits to any desired reduction of the 
Petzval sum, but a greater reduction tends to require 
sharper internal curvatures. The examples represent a 
compromise that has relatively gentle curves and is thus 
easy to fabricate. , 

In summary, it can be seen that the present invention 
provides a ?at ?eld lens system which eliminates the 
need for multiple spaced elements and sharply bent 
elements and is thus highly insensitive to tilt and decen 
tration of the components. The lenses of the present 
invention may be con?gured in many ways for use in 
many applications. 
While the above represents a full and complete dis 

closure of the preferred embodiments of the present 
invention, various modi?cations, alternate construc 
tions, and equivalents may be employed without depart 
ing from the true spirit and scope of the invention. For 
example, the endoscope relay embodiments described 
above are characterized by having the aspheric surface 
on the negative (lower index material) element. How 
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10 
ever, while in the past it has been more convenient to 
use a plastic element onto which the aspheric surface 
can be molded, Corning Glass Works has recently an 
nounced the capability of producing aspheric surfaces 
on glass. Accordingly, there is no longer any need to 
use plastic as the lower index material or to place the 
aspheric surface on the negative element. 

Additionally, while the photographic objectives are 
very well corrected for ?eld curvature (residual Petzval 
sum P is very small), the present invention may also be 
employed where the Petzval sum is not to be com 
pletely corrected, so long as the index difference contri 
bution dominates the total correction. Thus, the present 
invention is drawn to the index difference being the 
dominant mechanism for achieving the correction of 
the Petzval sum to whatever level is desired. 

Moreover, while the contributions were shown as 
being calculated in a particular way, it will be appreci 
ated that one could calculate the contributions in 
slightly different ways without materially affecting the 
relative magnitudes thereof. For example, the bending 
contribution could be calculated by adding curvatures 
to opposite surfaces of an element until one of the sur 
faces was ?at (rather than until a symmetrical con?gu 
ration was achieved). Therefore, the above description 
and illustrations should not be construed as limiting the 
scope of the invention which is de?ned in the appended 
claims. ' 

Appendix 1A 
(Prior Art) 

Goerz Hypergon 

Focal Length: EFL = 1.0000 
Aperture ratio: 1:32 
Back Focal Length: BFL = .8986 
Field Angle: 2 X 65' 

Surface Distance to ’ Refractive Abbe 
No. Radius Next Surface Index . Number 

l 0.0846 
0.0220 1.5201 64.9 

2 0.0850 ' - 

0.0679 
3 Aperture stop 

' ‘ 0.0679v 

4 —0.0850 
0.0220 _ 1.5201 64.9 ' 

5 -0.0846 

Appendix 13 
(Prior Art) 

Richter Topogon 

Focal Length: EFL = 10000 
Aperture ratio: 1:6.3 

' Back Focal Length: BFL = .7860 
Field Ang1e:2 X 50' ' , 

Surface Distance to Refractive Abbe 
No. Radius Next Surface ' Index Number 

1 0.1707 ' 

0.0674 ' 1.6229 60.1 

2 ' 0.2511 

. 0.0003 

3 0.1380 
0.0076 1.7231 29.3 

4 0.11 15 
0.0985 

5 Aperture stop 
0.0985 

6 —0.1 1 l5 - 
0.0076 1.7231 _ 29.3 

7 —0.l380 
0.0003 
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continued — -continued _ 

Appendix 15 Appendix 1E 
(Prior Art) _ (Prior Art) 

Richter Topogon 5 Zeiss Double Gauss (50 mm) 

8 —0.25I1 Back Focal Lengthi BFL = .7098 
0.0674 1.6229 60.1 Field Angle: 2 X 231' > 

9 —0. 1707 Surface Distance to Refractive Abbe 
No. Radius Next Surface Index Number 

1 0.8890 
10 . 0.1018 1.7206 47.7 

Appgndix 1C 2 5.7732 00012 . 
Wm’ M) 3 0 4361 ' 

Nikon Retrofoeus (35 mm) ' o 0971 l 7927 47 2 
F0081 Length: EFL = 1.0000 4 0.6812 ' ' ' 

Aperture ratio: 1:2.8 15 0.0318 
Back Focal Length: BFL = 1.0844 5 . 0.9417 

Field Angle: 2 X 31° 0.0237 1.6942 31.0 
Surface Distance to Refractive Abbe 6 0.3065 
No. Radius Next Surface Index Number Q1400 

1 L55“ 7 Aperture stop 
0.0700 1.5203 58.7 20 8 0 3464 °- “55 v 

0.4066 _ ‘ 

2 03966 0.0230 1.7343 28.5 
3 0.6884 I 9 7.4804 

03717 1.7162 516 0.1030 1.7923 47.2 
4 _Lu6o 10 —O.6071 00057 

O. ' 

5 Aperture stop 0619 25 n _1'7485 
0‘ l 100 0.0877 1.7923 47.2 

6 _0_4995 _ 12 —0.5650 ' 

0.0360 1.7231 29.3 13 3 2936 09026 
7 . 8 ' i 

l 3" 00360 30 0.0567 1.7479 44.5 
a _1_3877 14 —2.6223 

' 0.0700 1.7468 47.9 
9 —0.4716 

' 0.0030 , . 

10 3.2470 . 

' 0.0700 1.6229 60.1 35 AppFndznlF 
11 - 1.8467 . (Pastime ) 

_FOC81 Length: EFL = 1.0000 
Aperture ratio: 1:5.6 
Back Focal Length: BFL = .8594 

Appendix 1D 40 Field Angle: 2 X 15' 
(Prior Art) Surface ’ Distance to Refractive Abbe 
30mm’ No. Radius Next Surface Index Number 

F0081 Length: EFL = 1.0000 1 0.3726 ' 

Aperture ratio: 1:1.9 0.0423 , 1.6940 54.5 
Back Focal Length: BFL = .5793 2 -0.5476 - 

Field Angle: 2 x 13' 45 0.0159 1.5848 40.6 
Surface Distance to Refractive Abbe _ 3 1.2182 
No. Radius Next Surface Index Number . 0.0700 

1 1.8792 . 4 AM“ “P 0 0155 
0.1000 1.5187 64.0 5 04129 ' . 

2 '1'8792 o c : 5E ' so . 0.0129 1.5510 45.5 

3 o 4240 ' 6 0.3471 
. ' 0 0704 

0.2719 1.6152 58.4 7 15 456‘ ' 

4 0'76” 0 0 mo 0.0159 1.5848 40.6 

5 _ 13207 ‘ 8 0.3748 

0.0300 1.7231 29.3 55 0 8 90355 15940 54:5 
6 0.3253 9 ' '39 3 

0.0600 
7 Aperture stop 

0.1098 
8 1.0864 . . 

. 0.1100 1.6940 54.5 M 
9 _Q_5267 60 , Refractive Abbe 

Radius Thickness Medium Index Number 

da = 0.3 
v ' - tab = .001 air 

_ r‘, = flat base curve, aspheric ~ 

APPFM" “5 65 11,. = .001. CO- 111,. = 1.567 vb; = 33.5 
(Prlor Art) polymer 

Zeiss Double Gauss (50 mm) rs = 2710 

Focal Lws?v EFL = 1.0000 1.2 = 1.996 8611611 M = 1.8127 v“, = 40.5 
Aperture ratio: 1:1.4 ' LaSFN3 - 
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-cominued -continued 
. A dix 7 A du: 68 —BE"—— 

. ppm , Refractive Abbe 

1’f= —0.l926 5 Radius Thickness Medium Index Number 

‘I? = °-°1°° 0°- "fs = 1-567 "1‘: = 33-5 AD; = 4.33 e-6 A15,- = 9.54 e-9 AF; = 0 AG.- = o 
polymer . 

= -o.1oso . . ‘ 

I claim: ' 

1. A paired doublet and cylinder assembly de?ning 
10 half a transfer module for an endoscope relay system 

. comprising elements made of optical materials and hav 
AM. ing normalized geometrical parameters as follows: 

Refractive Abbe 
Radius Thickness Medium Index Number 

15 Refractive Abbe 
d, = 30.0 Radius Thickness Medium Index Number 

I tab = 3900 a" d, = stop tab = 3.000 air 

= —36.340 diameter = 

tlx = 8.000 poly- nbc = 1.5713 vbc = 30.8 30.0 

styrene r1, = —36.340, t5‘- = 8.000 poly- 115,; = vbc = 30.8 
_ 44 493 20 aspheric styrene 1.5713 ' 

‘i - ' . a = 44.493 W = 20.000 Schott 11¢ = w = 41 
{Cd = 20.000 Schott M = 1.8858 V“! = 41 LaSFa] 1,8858 

LaSFNl rd = —57.064 t4, = 1.000 air 

W : _57_064 r, = ?at t,f= 163.000 Schott n¢f= v¢f= 25.2 
._ - SP6 1.8126 . 

n ‘d’ - "000 a“ 25 rf= ?at If; = 1.000 air 
I: = 8‘ 1'8 = 57.064 18;, = 20.000 Schott ugh = vgh = 41 

‘cf: Schott 114: 1.8126 vef= 25.2 LaSl-‘31 1.8858 
163.000 r], = —44.493 t;,,- = 8.000 poly- uh,- = vhi = 30.8 

= styrene 1.5713 
'1 “at S“ r,- = 36.340, 0,- = 3.000 8.11‘ 

I . aspheric 

tfg = 1.000 air 30 d; = stop 
r8 = 57.064 diameter = 

18,, = 20.000 Schott up. = 1.8858 vgi. = 41 30-0 _ _ 
Laspsl " Asphenc Coef?cients 

"I _ _44 493 A131, = -4.33 e-6 A5,, = -9.s4 e-9 AF], = 0 A61, = 0 
_ ' ' I -= . '=9.54 9 AF'=O AG'=0 

0,,- = 3.000 poly- 11;“- = 1.5713 v1“- = 30.8 35 AD‘ 433 *6‘ YAE' °' ‘ ‘ 

styrene _ l_ _ 

r,~= 36.340 where the single subscripts denote the characteristic 
t,j = 3.000 air surfaces of theelements and the double subscripts de 

dj = 30.0 _ note the regions between corresponding surfaces. 
A131,v = -4.33 e-8 A5,, = -.9.s4 e-ll AF], = 0 AG], = 0 40 " " " ‘F. " 
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